The use of extensive, time-consuming synthesis and the cost of an additional element in synthesis makes difficult the synthesis of photocatalyst active under a broad wavelength range. We propose a synthesis method to obtain ZnO nanoparticles in distinctive morphologies, which lie to several photocatalytic activation conditions. The Zn precursor concentration, solvent, temperature and reaction time altered the ZnO particles morphologies. Although all synthesis parameters modification interferes in ZnO particle morphology, the most pronounced was Zn salt precursor concentration. The synthesis parameter did not interfere in the crystalline wurtzite ZnO phase and the optical characterization, indicating possibilities of ionic defects formations in ZnO lattice. The "3-D flower like" ZnO structure reaches 98% of discoloration under UV illumination and 42% under visible illumination of initial rhodamine-B concentration. The good UV and visible photocatalytic active confirms that with only the modification of synthesis method without any dopant element, ZnO structure is active in large wavelength range.
Introduction
Besides the use as semiconductor, Zinc oxide (ZnO) deserves to be highlighted in other fields such as photocatalysis [1] , solar cells [2] , gas sensors [3] , optical sensors [4] , etc. The most abundant structure of ZnO is the hexagonal wurtzite, presenting a band gap value of 3.37 eV (368 nm) and excitation of 60 meV [5] . The morphological properties of ZnO are influenced by synthesis method used and the modification of some parameters, such as the concentration of dopants and substituents among others, may affect the photocatalytic behavior of the semiconductor. Thus, the same material obtained by different methods may present appropriate modifications, since the crystalline structure, morphology, and composition of the material may vary according to the preparation method [6, 7] .
The concentration of precursor reactants, reaction temperature, and reaction time, as well as the possibility of using surfactant during the synthesis, are important factors in influencing the growth of the ZnO crystals. Komarneni et al. [8] observed that the use of microwave radiation in a hydrothermal system increases the crystallization kinetics compared to the conventional hydrothermal system. The interaction of high frequencies of electromagnetic radiation with the permanent dipole of the solvent molecules, which reaches high temperatures in a short period due to the molecular rotation, occurs with the use of microwave radiation. The microwave assisted hydrothermal method has advantages such as short time reaction, convenience and low cost effective, besides the possibility of obtaining particles of different morphologies [8] [9] [10] .
The synthesis method could alter the oxygen vacancies density on the material, modifying the photocatalyst proprieties as a photocatalytic activity. The interstitial zinc and oxygen vacancies are well known as the mainly ionic defects in ZnO crystalline lattice structure and also could be caused by the addition of impurities elements (dopants). However, the synthesis conditions could introduce some defects, without the use of extras reagents. In the case of ZnO, there are some defects states within the ZnO band gap, as donor defects (Zn x , Zn , Zn , V o x , V o , V o ) or acceptor defects (V Zn 0 ,V Zn 00 ), presenting ionization energies between 0.05-2.8 eV [11] .
The mechanisms of photocatalytic activity of the ZnO particles have been proposed by others [12] [13] [14] [15] . On the basis of our previous study [16] , according to Kroger-Vink notations and cluster model [17, 18] , ZnO structure is ideally constructed by four folder tetrahedron, denoted as [ZnO 4 ] x . Considering the ZnO an intrinsically n-type semiconductor, the presence of intrinsic defects could occur as zinc interstitials, zinc vacancies, and oxygen vacancies. It is generally accepted that, the photoelectron produced by nanocrystals irradiation can be easily trapped by electronic acceptors, whereas the photoinduced holes can be trapped by electronic donors. The type and concentration of oxygen defects on the surface and/or surface layer influences in the photocatalytic activity [19] [20] [21] . The oxygen vacancies created during the synthesis in the ZnO structure, could be in three different situations: neutral (V o x ), mono-ionized (V o ), and de-ionized (V o ). In photocatalytic process ( Fig. 1 ]) or holes in VB [7, 11, 16, 22] .
The both charge should be moved until the photocatalyst surface to promote the sequent redox reaction if there are molecules adsorbed which will receive or donate negative charge. 
This work has the objective of obtaining different ZnO photocatalytic materials through the variation of synthesis parameters such as reagent concentration, solvent change, temperature and reaction time of synthesis, using the microwave-assisted hydrothermal method. The characterization of the main crystalline phase, optical behavior and morphology were performed. The photocatalytic activity of the different samples was also evaluated, being photocatalysis efficiencies related to the modifications caused by the variation of synthesis parameters.
Materials and Methods

Synthesis of ZnO materials
The samples were synthesized by microwave-assisted hydrothermal method (MAH), with the change of some synthesis parameters as initial concentration of the zinc precursor (zinc acetate À C 4 H 6 O 4 Zn À Sigma-Aldrich, >98%), the influence of the solvent, temperature and time of synthesis, as presented in Table 1 . Basically, with constant stirring of 30 mL of zinc acetate solution 
The pH of the solution is about 10 and pH variation was not performed. The resulting solution was used in polytetrafluoroethylene (PTFE) reactor and kept under microwave irradiation (800W) [25] . The obtained solution was centrifuged and washed (5 x) with deionized water. The resulted powder was dried at 80 C overnight. The samples were named based on the morphology as described in Table 1 , as plates (PL), rounded plates (RP), brush-like (BL), and flower-like (FL).
Characterization techniques
Powder morphology and size was characterized by field emission scanning electron microscopy (FE-SEM) with JEOL Microscope À -Model JSM 6701F. The X-ray powder diffraction (XRD) patterns obtained with Higaku MiniFlex 300 diffractometer (Cu Ka radiation (l = 1.5418 Å), scanning from 2u of 20 to 80 , at 2 min
À1
) were used to obtain the samples phase composition and crystalline structure. Search Match software was used to indexed the crystallographic phase. N 2 physisorption (Micromeritics Germini VII) was used to obtain the surface areas (SA) of the synthesized samples, using the Brunauer-Emmett-Teller (BET) method. The ultraviolet-visible-near infrared (UV-vis-NIR Cary 5G spectrophotometer) in diffuse reflectance mode was utilized by optical properties evaluation. Photoluminescence emission spectra were obtained in ThermoScientific Fluorimeter with an excitation wavelength of 350 nm, excitation slit of 10 nm, emission slit of 20 nm and scan speed of 2400. Electrochemical measurements were carried out in a conventional three-electrode system, connected to a computer-controlled potentiostat (MQPG-01-Microchimica), with a thin film electrode as working electrode, Saturated Calomel Electrode (SCE) as the reference electrode, and a Pt wire as the counter electrode. The thin film electrode was produced by dip coating an ITO (indium-tin oxide) substrate with the solution of synthesized materials dispersed in ethylene glycol (2 mg/mL). Photocatalytic studies were done for the discoloration of rhodamine-B (RhB) (2.5 mg L À1 ) dye solution. 2 mg of each powder sample was dissolved in 20 mL of RhB solution, in a separate beaker, under magnetic stirring. The solutions were then illuminated with six UVC lamps (TUV Philips, 15W, with maximum intensity at 254 nm), during two hours, with magnetic stirring at a constant temperature of 25 C, and aliquots were taken at intervals of 30 min. A UV-vis spectrophotometer (Shimadzu-UV-1601 PC spectrophotometer) was used to monitor modifications in optical absorption of the resultant solutions throughout the experiment. A similar procedure was repeated using a visible light source (six Philips lamps, 15W, and maximum intensity at 440 nm). Control, without catalysts, was also performed (photolysis). RhB photodiscoloration was conducted on the average of triplicate. Adsorption experiments were carried out similarly to photocatalytic studies without illumination.
Results and discussion
Morphology evaluation
The modifications in the synthesis conditions as solvent, temperature, and reaction time, can affect the morphology of the samples, as presented by the FEG-SEM images (Fig. 2) . First of all, the solvent synthesis was not significant in morphological modification since Plates (PL), and Rounded Plates (RP) samples depict similar morphologies, with comparable particle agglomeration in plates forms with different sizes ( Fig. 2A, and B) . PL sample shows the same synthesis condition as RP sample, except by the solvent used (Table 1 ). The aqueous solvent is well known as indicating a higher dielectric constant (80.4) compared with ethyl alcohol solvent (25) [26, 27] . The plates thickness is slightly altered by changing the dielectric constant through solvent modification. With only aqueous solution as the solvent reaction (PL sample), the thickness can vary from 22 to 37 nm. With aqueous solution and ethyl alcohol as a solvent reaction (RP sample), the thickness of the plates decreases (13-29 nm), due to the decrease in dielectric constant of the resulted solvent. As lower the dielectric constant of the medium, the attraction forces between cations and anions diminished, resulting in secondary particles sizes. On the other hand, it also influences the steric hindrance due to the ethyl group, which decreases the number of effective shocks in the formation of the crystal. On the other hand, the concentration of initial zinc precursor is responsible for a substantial morphological modification ( Fig. 2A , and D). PL sample presents the same synthesis condition as a Flower-like sample (FL), except by the zinc precursor concentration ( Table 1) .
The FL sample presents morphology characterized by nanorods of large size and thickness, with the convalescent site, that is, the growth of these nanorods occurs from a common point, forming a 3D flower-like structure. The presence of some non-convalescent nanorods, as disperse nanorods are observed. This structure is well known in the literature for semiconductor materials obtained by the microwave-assisted hydrothermal method [16, [28] [29] [30] [31] .
As previously discussed, the modification in medium dielectric constant by solvent change does not play a major role in morphological alteration as comparing FL and RP samples. A test sample (TS), with the same zinc precursor, temperature and time reaction as FL sample, was obtained only to confirm the major influence of zinc precursor solution instead of a solvent change in the morphological structure. The only difference between TS and FL samples is the solvent, which in TS sample is ethyl alcohol. With the use of ethyl alcohol as solvent ( Fig. 1-Supporting information) , the morphology of the particles was not changed compared to FL sample. However, the size and thickness of ZnO nanorods reduced and the reaction yield is insufficient (<10%). In this way, the amount of zinc precursor in solution interferes in growth ZnO particle mechanism more than the solvent reaction. TS sample was only used in morphological comparison with FL sample, and the characterization properties for TS sample will not take into account.
The temperature and reaction time also influenced in ZnO morphologies. The Brush-like (BL) sample was obtained in superior temperature and diminished reaction time than FL. Comparing FL with BL sample ( Fig. 2A and C) , even the zinc precursor concentration was high in the reaction solution, the self-assembly of nanowires formation is evident, convalescent along one same axis, and known as "3-D Brush-like". Due to the high zinc precursor concentration in the solution, there are still some formations of ZnO particle agglomerates as plate structure, where there is located normal growth of nanorods, not exhibiting morphological homogeneity.
It is evident that the synthesis process by MAH method with more elevated temperature (140 C) accelerates the ZnO microwires particles formation, even in a short reaction time (45 min . It is thus possible to confirm that the concentration of the precursor solution, as well as the time and temperature of synthesis, can affect the morphological structure due to the crystal growth mechanism of the ZnO particles. 
X-ray diffraction
Optical behavior
With the morphological alteration, some properties can be modified as optical behavior and photocatalytic efficiency of the Fig. 3 . X-ray diffractograms of ZnO samples obtained by microwave-assisted hydrothermal methods.
material. Thus, the properties of the samples were evaluated. The optical behavior of the ZnO samples was assessed by UV-vis diffuse reflectance spectroscopy (DRS). Fig. 4 shows the DRS spectra for PL, RP, BL, and FL samples, where it is possible to observe an intense band around 380 nm, being attributed to the intrinsic band gap absorbance of ZnO crystalline particles. The characteristic absorption intensity of ZnO nanoparticles in UV light region, in Fig. 4 , suffers influences of the different scattering events of ZnO samples, related to diverse morphology, sizes, shapes and crystalline quality of the material, which is induced by synthesis conditions as precursor concentration, solvent, temperature, and reaction time.
The DRS results were used to calculate the band gap values of the semiconductor for each sample, using the Kubelka-Munk model [33] . The calculated band gap values for the samples show small deviations from the values of the literature [34] [35] [36] (Table 2) [36] . The BL sample, synthesized in a shorter time and higher temperature, shows the largest divergence band gap values from other ZnO samples. The synthesis condition promotes a defects density [37] more elevated in BL sample compared to the others, decreasing, even more, the band gap value. Thus, it is possible to confirm that the synthesis conditions, such as time and temperature, is a major factor in the optical properties of ZnO particles and could obtain different photocatalytic performance. Fig. 5 shows the photoluminescence emission spectra of samples, indicating a peak about 570 nm. As the excitation wavelength was similar with a band gap energy (350 nm), the peak presented in emission spectra could be ascribed to the band gap-free excitation due to indirect transition. Trapped surface states in the material are correlated with the indirect transition and as higher the photoluminescence emission intensity, the recombination efficiency of photogenerated carrier increases [25] . According to Fig. 5 , the intensity of PL emission spectra of RP sample is the highest one, followed by PL, FL, and BL, that represent photogenerated electron/hole recombination is higher for RP and PL sample. For FL and BL, the photogenerated electron/hole recombination decreases. The photo-charge carrier recombination promotes a decline of the photocatalytic efficiency, as inhibiting the radical production resulted by the photo charge carrier trap. It is interesting to notice that the photo-charge recombination of Plates and Rounded Plates morphologies show more elevated than for Brush-like and 3-D flower-Like morphologies, indicating a possible influence of morphology in the recombination process.
Photoelectrochemical behavior
Cyclic voltammogram (CV) of thin-film electrodes constructed with each sample was used to obtain the standard heterogeneous rate constant, k 0 , which corresponds to the rate of electron transfer. Standard heterogeneous rate constant was obtained by Nicholson method [38] . Fig. 6 presents the CVs of each sample in the dark and under UV illumination (photocurrent), indicating a similar electrochemical behavior between samples. Table 3 presents the peak-to-peak potential separation (DV) and the peak density of each material. Compared the CVs of all samples, one can notice that the synthesis condition could influence the capacitive behavior of the ZnO materials. The PL sample presents the highest oxidative, and reductive peak density and BL sample depicts the lowest one in dark conditions. The illumination provokes an increase in photocurrent in oxidative density and PL and FL reduction density. Also, the illumination promotes an enlargement in DV for PL and RP samples and a diminution for BL and FL samples. For k 0 calculation, the diffusion coefficients was adopted as D O = D R = 7.26 Â 10 À6 cm 2 s À1 and k 0 values are showed in Table 3 . The k 0 values were slightly close for samples PL, RP and BL. FL sample shows an elevated value of 2.29, indicating an increase in electron transfer in the electrode with appropriate potential gradient, which could be promoted by the organized material morphology. Then, the faster electron transfer with lower photogenerated carrier recombination indicates advantages in photocatalytic activity. The potential that no charge transference occurs is known as the flat band potential (V fb ) and is defined by Buttler equation for each semiconductor.
where j is the photocurrent density, e is the permittivity of the surroundings, e 0 is the vacuum permittivity, I 0 is the current density difference, a is the optical absorption coefficient, N d is the number of charges donors, q is the transferred charge per ion, V is the potential [38] . The flat band potential is obtained with the xaxis onset of the square photocurrent in Fig. 6 . For an n-type semiconductor, the flat band potential is similar with conduction band edge, and it is possible to construct the band diagram of the material (Fig. 6 ), adding the band gap values to CB edge. The CB edge is similar to all the samples. However, the methods conditions could influence in valence band edge as indicated in Fig. 7 . Not only doping or heterostructure construction could vary the band diagram of such material [39, 40] , but also the synthesis condition as precursor concentration, time and temperature of the synthesis reaction.
Photocatalytic performance
The photocatalytic activity of the samples was evaluated by the photo-discoloration of RhB solution under UV and visible illumination ( Fig. 8A and B) . Table 4 presents the values of the kinetic constants for each material, adopting the reaction of pseudo-first order [7] , normalized by proportional semiconductor area used in each experiment. As for each photocatalytic experiment, a defined mass of semiconductor was used, the proportional semiconductor could be obtained multiplying the Superficial Surface Area (SSA À Table 2 ) and the semiconductor mass. Considering the first step of photocatalysis process is an adsorption of RhB in active sites of semiconductor, isothermal adsorption experiment in the absence of illumination was carried out in the dark condition ( Figure SI-2) . The removal percentage of RhB by the adsorption in two hours was calculated using the (C 0 À Ct)/C 0 equation, where C t and C 0 are the equilibrium and initial concentration of RhB in the solution (mg L À1 ), respectively. The PL sample revealed a minimum RhB-adsorption percentage of about 2%, while the RP revealed a maximum RhB-adsorption proportion of about 6%. Based on the experimental results, the degradation is mainly dominated by the photochemical reaction, not adsorption.
The kinetic profile (Fig. 8) shows the photocatalytic potential of the samples, and it is also possible to confirm that the variations of the synthesis conditions directly influence the photocatalytic properties of the samples, since modification in synthesis condition alters the materials properties as presented later.
The FL sample is more efficient for the application in UVC illumination photocatalysis (Fig. 8A) reached 98% of RhB solution during 120 min. Moreover, the synthesis of ZnO in an aqueous medium at 100 C for 1 h, with a lower concentration of precursor solution, results in particles of ZnO more photoactive under UVC illumination. The photocatalytic process is influenced by morphological variation. Due to the different kinetic factors (a type of precursors, concentration, solvent, and synthesis method), the crystals formed have different morphologies. These different morphologies are formed of distinct surfaces and concentration of various defects. This fact induces the formation of surface clusters, with various electron-hole density, modifying the band gap of the surface. The band gap value expresses the energy quantity required to transfer, with a photon, one electron from valence band (VB) to the conduction band (CB) of the semiconductor and, is another factor that affects the photocatalytic active, mainly in visible light illumination. However, FL sample presents the lowest superficial surface area (Table 2 ) and the band gap value of 3.22 eV. However, the FL sample presents "3-D flower-like" morphology, with some dispersed nanorods and compared with other samples, FL sample presents a more organized structure morphology, corroborating with effective photo-charge carriers (electrons/hole) separation, indicated by photoluminescence experiment. When an electron is photo-excited in CB to VB, it is created a hole (positive charge) in VB. If there is no receptor molecule for electron or hole under the surface of the semiconductor, the photo-charge recombination occurs. In the case of FL sample, the photo-charge separation is effective, resulting in a decrease of photo-charge recombination, promoting a favorable condition for efficient photocatalysis.
The influence of the addition of ethanol on ZnO synthesis (RP sample) did not affect the photocatalytic efficiency, being similar to an aqueous solution (PL sample) from the kinetic point of view under UVC illumination (Table 4) . R 2 values presented in Table 4 indicate the adjustment of the kinetic order consideration, as pseudo-first order reaction. PL sample reached 86% of RhB solution discoloration, and RP sample obtained 89% of RhB discoloration during 120 min. PL and RP samples present similar morphologies structure, like plates with different sizes. The only difference is that PL sample presents plates with more elevated sizes than RP. Though the SSA of PL sample is higher than the RP sample (Table 2) , could be promoted improve in photocatalytic activity, the band gap value of RP sample is lower than the PL sample. The photogenerated carrier recombination is more elevated for RP than for PL, and the electron transfer is similar. On the other hand, the influence of zinc precursor salt in photocatalytic performance is noticeable (Table 4 ). The PL sample (89% RhB discoloration), with more concentrated precursor solution, shows lower photocatalytic activity than FL sample (98% RhB discoloration), with diluted precursor solution. Although the samples proprieties were different (PL and FL samples), the morphology plays a major role in the photocatalytic performance of samples. However, the electrical properties as charge recombination and electron transfer also influence in the photocatalytic efficiency, as previously described.
The BL sample, synthesized at a higher temperature and lower reaction time, without alteration of the concentration of precursor solution comparing with PL, presents a lower photocatalytic efficiency (Table 4) , obtaining 78% of RhB discoloration during 120 min. The SSA of BL sample (Table 2) is the second largest compared to others and could not favor the photocatalytic performance. The BL sample presents diverse structures in morphology characterization, presenting nano-wires convalescents under a same line and plates, where nanowires growth under them. With morphology disorganization, photocatalytic performance could be negatively influenced with photo-charge carrier recombination. The band gap value of BL is the lowest value, and electron transfer rate and photo-charge carrier recombination are small.
As the surface area influences the photocatalytic activity, due mainly to different morphologies and crystal growth mechanisms for each sample presented, the crystalline faces, as well as the orientation of the ZnO crystal, also influence the photocatalytic activity of the samples [41] . Pung et al. [42] showed the photocatalytic efficiency of different ZnO particles as a plate, rice and stick morphologies. The last morphology showed a higher photocatalytic activity under UVC illumination, followed by the sample with "rice-like" and plates ZnO morphologies. The results demonstrate the importance of exposed crystalline faces in the photocatalytic activity.
The photocatalytic efficiency of the samples for both, the UVC and visible illumination, can be classified as good since even if there is no type of doping or formation of heterostructures, the photocatalytic activity under visible illumination occurs [23, [42] [43] [44] . It is possible that the oxygen vacancies, created during the synthesis process, could influence equally as a dopant element in ZnO lattice, to active the visible photocatalytic efficiency [12, 14, 45, 46] . Wang et al. [14] proposed a method to produce ZnO photocatalyst through the conversion of e-Zn(OH) 2 to ZnO in NaOH solutions, rich in oxygen vacancies. However, the synthesis method is time-consuming, required 38 h to obtain ZnO particles. Authors show the superior activities under UV and visible illumination toward the degradation of RhB of the V O -rich ZnO photocatalyst, attributing the photocatalytic performance through the oxygen vacancies of the material.
Under visible light (Fig. 8B) , the samples also exhibited a different behavior. It is expected that, with lower band gap value of the sample, the visible photocatalytic activity increase (Table 4 ) [47, 48] . However, this does not always occur. In this case, the RP sample presented a greater photocatalytic activity in the visible, slightly close to the result submitted for FL sample (Table 4 ). The RP sample reached 48% of RhB discoloration under visible illumination, and FL sample obtained 52% of RhB discoloration. The percentage of RhB discoloration is influenced by dye sensitizing mechanism under visible illumination, which influences in the photocatalytic efficiency. As the dye sensitizing mechanism is dependent of charge transference from RhB to photocatalyst surface, the morphology might affect the mechanism process. The PL sample shows an interesting behavior under visible illumination (Table 4) , with similar behavior as RP and FL samples during the first 60 min of RhB discoloration and, later, photocatalytic efficiency decreases, until obtaining 43% of RhB discoloration. It is possible that a passivation of the PL sample surface occurred, with some sub-product produced during RhB discoloration process, not funding during the UV-vis analysis, adsorbing irreversibly on photocatalytic sites.
In this way, the modification in solvent reaction could alter the morphology and, consequently, the visible photocatalytic activity, as presented by PL and RP samples results and, the precursor solution concentration during the synthesis method did not influence directly in the photocatalytic activity under visible light, as shown by RP and FL samples. Again, BL sample had the lowest efficiency among all the samples, with only 30% of RhB discoloration under visible illumination, confirming the influence of temperature and time reaction in ZnO morphology and visible photocatalytic activity. As for the photocatalytic activity under UVC illumination, the morphology of the ZnO particles must influence the process efficiency, as well as the greater number of exposed faces of the crystals in the samples. The photo-charged carrier recombination is another important factor, even in the visible region, and also the dye sensitizing mechanism. In the case of BL sample, the disorganized morphology and the lowest band gap value could favor the increase in electron-hole pair recombination and disable the surface charge transference between RhB and ZnO particles, reducing the visible photocatalytic activity.
Conclusions
The fine control of the MAH synthesis parameters, like temperature, time and solvent of synthesis reaction kept the main ZnO hexagonal wurtzite crystalline phase. However, the zinc precursor concentration, as well as the solvent, time, and temperature of synthesis affect the morphological structure, producing Plates (PL), Rounded Plates (RP), Brush-like (BL) and 3-D flower-like (FL) morphologies. The calculated band gap values for the samples varies from 3.17 to 3.24 eV, with the lowest band gap value for the BL sample, synthesized in a shorter reaction time and higher temperature. The synthesis condition not influenced in the main crystalline phase, presenting as wurtzite for all samples. The photo-charge recombination of Plates and Rounded Plates morphologies show more elevated than for Brush-like and 3-D flower-Like morphologies. The electron transfer rate shows highest value for FL morphology and similar values for another sample. The influence of the addition of ethyl alcohol on ZnO (RP sample) synthesis, without the concentration of precursor solution modification, is similar from the kinetic point of view under UVC illumination and FL samples show an improvement in photocatalytic efficiency. Under visible illumination, the samples presented good photocatalytic results, especially FL and RP samples, even without any doping process during the synthesis, probably caused by the oxygen vacancies promoted during the crystal growth, resulting in a good influence in photocatalytic results.
